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© A porous composite material and process of manufacture therefor. 

© A porous composite material consisting of a porous synthetic polymer matrix material having its internal 
surfaces coated with a metal-oxide gel is provided. The material has hydrophilic properties and is useful for 
filtration and for immobilizing bioactive substances. 
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This invention relates to porous materials for use in filtration or for immobilizing bioactive substances. 
More specifically, the invention relates to porous materials of synthetic polymers having internal surfaces 
coated with a metal oxide. 

The use of porous articles of synthetic polymers in filtration applications, or as carriers and supports for 
5 immobilizing bioactive substances is known in the art. In some cases the nature of the synthetic polymer 
from which a porous article is formed prevents use of the article in applications in which the structure, 
strength, flexibility, fabricability, and cost, etc., of the article would otherwise be very desirable. In these 
instances it becomes desirable to modify the article so that it can be used in the application. An example of 
such a modification would be to alter a porous article made of a fluoropolymer, which is hydrophobic, so 
70 that it becomes hydrophilic and can be used in water or other aqueous liquid systems. Another example 
would be to alter a porous article of synthetic polymer to provide more favorable surfaces for adsorption or 
attachment of bioactive substances. 

Methods in which metal oxides are introduced into porous articles to alter the performance characteris- 
tics of the articles are known in the art. One such method is to impregnate the porous article with a 
75 suspension of fine metal-oxide particles, and then dry the article to remove the suspending fluid. A 
drawback to this method is that the particles are not strongly bonded to the porous article and have a 
tendency to fall off, or be washed out. 

Another method is to impregnate a porous article with a solution of a metal oxide precursor, and convert 
the precursor to form the metal oxide by physical or chemical means. An example of this method if to 
20 impregnate a porous article, or coat the surface of a porous article, with a solution containing a hydrolyzable 
zirconium oxide or titanium oxide precursor, after which the metal oxide is formed in place by a hydrolysis 
reaction. A drawback to this method is that frequently a large quantity of excess particles are produced that 
are not firmly attached to the porous article and, without further treatment such as calcining or sintering at 
temperatures in excess of 600 ' C, are prone to the same problems described above, in the cases in which 
25 the precursor has been impregnated into the porous structure and then reacted, the excess particles 
significantly reduce the pore volume and pore size of the article, consequently permeability to fluids is 
reduced. 

Another method of forming a metal oxide on a porous article is to use a metal deposition technique, for 
example, vapor deposition, electrochemical deposition, and the like, and then oxidize the metal. These 
30 methods are somewhat limited by availability of metals or metal plating solutions, and by process limitations 
which make uniform coating of internal surfaces very difficult. 

According to the present invention there is provided a porous composite material comprising 

(i) a porous matrix material of synthetic polymer; and 

(ii) a coating material of a metal-oxide gel; 

35 whereby the internal surfaces of said porous matrix are coated with a coating of said metal-oxide gel 
such that the pore volume of the composite material is equal to 50 percent or more of the initial pore 
volume of said porous matrix material. 

The invention provides a porous composite material comprising a porous matrix material of synthetic 
polymer having its internal surfaces coated with a metal oxide. The metal-oxide coating on the internal 

40 surfaces is sufficiently thin that the pore volume of the porous composite material is preferably in the range 
50 to 98 percent of the initial uncoated pore volume of the porous synthetic polymer matrix material. The 
metal-oxide coating provides a hydrophilic surface which is readily wetted by water and other aqueous 
fluids, and further provides a surface on which bioactive substances can be adsorbed, or otherwise attached 
or immobilized. 

45 According to a further aspect of the present invention, there is provided a process for making a porous 
composite material comprising the steps of: 

(a) reacting a metal-oxide precursor of a metal-containing organic compound with a water-containing 
liquid to obtain a solution containing a partially-gelled metal-oxide precursor; 

(b) impregnating a porous synthetic polymer matrix material with said solution containing said partially- 
so gelled metal-oxide precursor; 

(c) further reacting said partially-gelled metal-oxide precursor to obtain a fully-gelled hydrous metal-oxide 
gel; 

(d) drying said porous matrix containing said hydrous metal-oxide gel at a temperature of 300 *C or 
lower; 

55 thus producing a porous composite material comprising a porous synthetic polymer matrix having 
internal surfaces coated with a metal-oxide. The metal-oxide forms a thin, continuous, stable coating on the 
internal surfaces of the porous synthetic polymer matrix which does not easily come off, and furthermore, is 
present in such small quantity that the porous composite material retains most of the void content of the 
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uncoated porous synthetic polymer matrix material. 

By porous material as used herein is meant to indicate a material having interconnected voids or pores 
such that a continuous passage for fluids from one side of the material to the other side is provided through 
them. 

5 Embodiments of the present invention will now be described, by way of example:- 

The metal-oxide precursor to make the material of the invention must be a hydrolyzable metal- 
containing organic metal compound such as metal alkoxides and metal complexes. Example of metals 
which form suitable metal compounds or complexes include lithium, beryllium, boron, carbon, sodium, 
magnesium, aluminum, silicon, phosporus, sulfur, potassium, calcium, cesium, titanium, vanadium, chro- 

io mium, manganese, iron, cobalt, nickel, copper, zinc, gallium, germanium, arsenic, selenium, rubidium, 
strontium, yttrium, Zirconium, niobium, molybdenum, ruthenium, rhodium, palladium, cadmium, indium, tin, 
antimony, tellurium, cesium, barium, lanthanum, cerium, praseodymium, neodymium, promethium, 
samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, lutetium, 
thorium, protactinium, uranium, plutonium, hafnium, tantalum, tungsten, platinum, mercury, titanium, lead, 

75 bismuth, and the like. Examples of metal alkoxides include tetramethoxytitanium, tetraethoxytitanium, 
tetraisopropoxytitanium, tetrabutoxytitanium, zirconium isopropylate, zirconium butylate, tetramethoxysilane, 
tetraethoxysilane, tetraisopropoxysilane, and tetratertiarybutoxysilane. Silicon alkoxides, such as tetraox- 
ysilane, are particularly suitable for use in the present invention. 

In order to make the material of the invention, the metal-oxide precursor is reacted by contact with 

20 water to yield a partially gelled precursor in a solution. Such gelling reactions, or gelation reactions, are well 
known in the art, and include hydrolysis and condensation polymerisation reactions. 

In order to bring about partial gelling of the metal-oxide precursor, the metal-oxide precursor is added 
to water, or a water-containing solution, stirred, and mixed. An organic solvent miscible in water, for 
example, alcohols such as methanol, ethanol, propanol, or butanol, may be mixed with the water. Also, 

25 acids such as hydrochloric acid, sulfuric acid, nitric acid, acetic acid, or hydrofluoric acid; or bases such as 
sodium hydroxide, potassium hydroxide, or ammonia, may be added as necessary. The partial-gelling 
reaction may also be brought about by adding a solution of the metal-oxide precursor in an organic solvent 
to water, stirring, and mixing it. In this case the organic solvent may be any solvent which is capable of 
dissolving the the metal-oxide precursor; in addition to alcohols, aliphatic or aromatic hydrocarbons may be 

30 used. 

The partial-gelling reaction is generally conducted at a temperature of 0 to 100 # C, preferably 60 to 
80 *C. The proportion of water used is in the range 0.1 to 100 moles, preferably in the range 1 to 10 moles, 
to one mole of the metal-oxide precursor. Preferably, the reaction is conducted in a closed container or 
under an inert gas flow; however, it is possible to conduct the reaction in an open container using ambient 

35 atmospheric moisture. 

The solution containing the partially-gelled metal-oxide precursor is then impregnated into a porous 
matrix material of synthetic polymer. Any method of impregnation by which the solution fills the internal 
cavities and covers the surface of the porous matrix material may be used. For example, the solution may 
be applied to the porous matrix material by conventional methods such as immersion, spraying, roll-coating, 

40 or other techniques well known in the art. 

Following impregnation of the solution containing the partially-gelled metal-oxide precursor into the 
porous synthetic polymer matrix, the partially-gelled metal-oxide precursor is brought into contact with an 
excess of water so that the gelling reaction proceeds further and a completely-gelled hydrous metal-oxide 
gel in solid form is obtained. This is preferably accomplished by immersing the porous synthetic polymer 

45 matrix material containing the partially-gelled metal-oxide precursor in water; however, a method wherein a 
water mist is applied by spraying or the like, or a method in which steam vapor is applied may also be 
used. The water applied to complete the gelling reaction may also contain an acid or alkali in order to 
accelerate the reaction. 

When the gelling reaction is complete, the hydrous metal-oxide gel forms a film on the internal surfaces 
50 of the porous matrix material, and by drying this at a temperature of 300 * C or lower, preferably 200 • C or 
lower, a thin metal-oxide layer which adheres uniformly to the internal surfaces of the porous matrix material 
is obtained. The thickness of this metal-oxide layer should be in the range 0.01 to 0.2 micrometers, 
preferably in the range 0.02 to 0.1 micrometers. The metal-oxide layer, when formed in the manner 
described above, is a continuous, single film which has exceptional adhesion and is difficult to peel or 
55 separate from the internal surfaces of the porous matrix material. The porous composite material of the 
invention thus formed has a high pore volume, maintaining 50 percent or more, preferably 70 percent or 
more, of the pore volume of the uncoated porous matrix material. 
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The porous matrix material of synthetic polymer may be selected from among a variety of synthetic 
polymer materials. Examples of suitable materials include polyolefin, such as polyethylene, polypropylene, 
or ethylene/propylene copolymer; polystyrene, polyamide, polysulfone, polyimide, polycarbonate, 
polyacrylonitrile, polyvinyl chloride, silicone rubber, and fluoropolymer. Fluoropolymers, such as poly- 

5 tetrafluoroethylene. polychlorotrifluoroethylene. tetrafiuoroethylene/(perfluoroalkyl) vinyl ether copolymer, 
tetrafluoroethylene/hexafluoropropylene copolymer, and the like, are desirable from the standpoint of heat 
resistance and chemical resistance, and are preferred. 

Porous articles, such as film, sheet, plate, tubing, hollow fibers, and the like, can be formed from the 
above synthetic polymers by foaming, papermaking, stretching, expansion, or other techniques known in the 

10 art, and can be used as the porous matrix material of the invention. Such porous articles suitable for use as 
the porous matrix material are commercially available from many sources. The nominal mean pore diameter 
of the porous matrix material of the invention should be in the range 0.01 to 15 micrometers, preferably in 
the range 0.05 to 10 micrometers. The pore volume of the porous matrix material should be in the range 20 
to 95 percent, preferably in the range 30 to 90 percent. 

75 The porous composite material of the invention has a combination of the properties associated with its 
components. For example, strength, flexibility, pore size, pore volume, heat resistance, etc. of the 
composite are generally associated with the porous matrix material. On the other hand, the uniform, thin 
coating of metal oxide on the internal and external surfaces of the porous matrix material contributes 
functions uniquely associated with this component. For example, when the porous matrix material is formed 

20 from a hydrophobic synthetic polymer such as a fluoropolymer, hydrophilic properties are conferred by the 
metal-oxide coating. If the porous matrix material consists of a relatively hydrophilic polymer, such as a 
polyamide or a polyester, the hydrophilic properties are improved; thus, the porous composite material of 
the invention is useful as a filter in a water-based system, a carrier for immobilization of bioactive 
substances, and the like. When the porous matrix material consists of a fluoropolymer, the porous 

25 composite material has exceptional heat resistance in addition to hydrophilic properties and will withstand 
steam sterilization operations, and thus is useful as a material in biochemical and medical applications. 
Also, due to the uniform coating of metal-oxide on the internal and external surfaces, exceptional 
dimensional stability is imparted to flexible porous matrix materials having high pore volumes, thus there is 
little change in size when the composite material is wetted in a solvent and dried without restraint. 

30 

TEST PROCEDURES 
Water Flow Test (WFT) 

35 A test sample is mounted in a filter holder providing a test area of 9.62 cm 2 . Water is flowed through 
the sample at an applied pressure of 60 cm of Mercury. The time for 200 milliliters of water to flow through 
the sample is measured and reported. 

Methanol Flow Test (MFT] 

40 

A test sample is mounted in a filter holder providing a test area of 9.62 cm 2 . Methanol is flowed through 
the sample at an applied pressure of 60 cm of Mercury. The time for 200 milliliters of methanol to flow 
through the sample is measured and reported. 

45 Pore Volume Calculations 

The pore volumes of porous matrix materials of known specific gravity are determined from density 
measurements of the materials, for example, for porous polytetrafluoroethylene 

so Pore Volume (%) = [(2.2 - bulk density of the sample) / 2.2] x 100 

The pore volume of porous composite materials of unknown specific gravity was determined as follows: 
The porous composite material was impregnated with water, the excess water wiped off the surface, 
and the water-filled material weighed. The following computational formula was used to calculate the pore 
55 volume. 

Pore Volume (%) = [(water-filled weight - dry weight) / apparent volume] x 100 
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Example 1 

A metal-oxide precursor solution was prepared, and the metal-oxide precursor was partially gelled by 
reacting a mixture of 100 parts tetraethoxysilane (supplied by Shinetsu Silicon Co.), 52 parts water, and 133 
5 parts ethanol. The reaction was conducted using a pipe containing calcium chloride under reflux to prevent 
introduction of moisture from the ambient atmosphere into the reaction vessel. The reaction was conducted 
at a temperature of about 80 • C for 24 hours. A solution containing the partially-gelled metal-oxide precursor 
was obtained. 

A porous film of expanded polytetrafluoroethylene (manufactured by Japan Goretex, Inc.) having a 
io thickness of 40 micrometers, a nominal pore diameter of 0.5 micrometers, and a pore volume of 80 percent 
was used as a porous matrix material. The porous polytetrafluoroethylene matrix material was impregnated 
with the solution containing the partially-gelled metal-oxide precursor, after which the impregnated matrix 
material was immersed in hot water at a temperature of about 60 * C for 5 hours to completely gell the 
metal-oxide precursor. The impregnated matrix material containing the fully-gelled metal-oxide precursor 
75 was then dried at a temperature of about 150*0 for 30 minutes. The surfaces of the porous poly- 
tetrafluoroethylene matrix material, including the internal surfaces, were covered with a silica gel, and the 
porous composite material of the invention was obtained. 

Pore volume measurements were made on the porous composite material and a sample was subjected 
to the Water Flow Test and Methanol Flow Test as described above. The sample was given 10 successive 
20 Water Flow Tests. Test results and measurements are shown below. 



Item 


Before treatment 


After treatment 


Pore Volume (%) 


80 


66.6 


Pore Volume retained (%) 




83.3 


Hydrophilic Properties 


None 


Good 


Water Row (sec) 


-1st 
-10th 




21.5 
22.0 


Methanol Flow (sec) 


17 


21.4 



The porous composite material had a high pore volume which was more than 80 percent of the pore 
volume of untreated porous matrix material. The material had satisfactory hydrophilic properties, and the 
metal-oxide adhered firmly, so that even after the 10th WFT measurement the water flow rate had not 
decreased. 

Example 2 

A metal-oxide precursor solution was prepared, and the metal-oxide precursor was partially gelled by 
reacting a mixture of 100 parts tetraethoxysilane (supplied by Shinetsu Silicon Co.), 71 parts water, and 126 
parts ethanol. The reaction was conducted using a pipe containing calcium chloride under reflux to prevent 
introduction of moisture from the ambient atmosphere into the reaction vessel. The reaction was conducted 
at a temperature of about 80 • C for 24 hours. A solution containing the partially-gelled metal-oxide precursor 
was obtained. 

A porous film of expanded polytetrafluoroethylene (manufactured by Japan Goretex, Inc.) having a 
thickness of 40 micrometers, a nominal pore diameter of 0.5 micrometers, and a pore volume of 80 percent 
was used as a porous matrix material. The porous polytetrafluoroethylene matrix material was impregnated 
with the solution containing the partially-gelled metal-oxide precursor, after which the impregnated matrix 
material was immersed in hot water at a temperature of about 60 # C for 5 hours to completely gell the 
metal-oxide precursor. The impregnated matrix material containing the fully-gelled metal-oxide precursor 
was then dried at a temperature of about 150 # C for 30 minutes. The surfaces of the porous poly- 
tetrafluoroethylene matrix material, including the internal surfaces, were covered with a silica gel, and the 
porous composite material of the invention was obtained. 

Pore volume measurements were made on the porous composite material and a sample was subjected 
to the Water Flow Test and Methanol Flow Test as described above. The sample was given 10 successive 
Water Row Tests. Test results and measurements are shown below. 
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Item 


Before treatment 


After treatment 


Pore Volume (%) 


oO 


68.0 


Pore Volume retained (%) 




85.0 


Hydrophilic Properties 


None 


Good 


Water Flow (sec) 


-1st 
-10th 




21.0 
21.5 


Methanol Flow (sec) 


17 


20.5 



The porous composite material had a high pore volume which was more than 80 percent of the pore 
volume of untreated porous matrix material. The material had satisfactory hydrophilic properties, and the 
metal-oxide adhered firmly, so that even after the 10th WFT measurement the water flow rate had not 
decreased. 



Comparative Example 1 

A porous polytetrafluoroethylene film identical to that of Example 1 was impregnated with tetraethox- 
ysilane. The tetraethoxysilane was not partially gelled before impregnation, but was otherwise prepared, 
measured, and tested as described in Example 1, except that only one water flow test was made. The 
metal-oxide did not form a composite with the porous polytetrafluoroethylene matrix material, and thus 
hydrophilic properties were not conferred. 



Item 


Before treatment 


After treatment 


Pore Volume (%) 


80 


80.0 


Pore Volume retained (%) 




100 


Hydrophilic Properties 


None 


None 


Water Flow (sec) 


-1st 
10th 




Not measurable 


Methanol Flow (sec) 


17 


17 



Comparative Example 2 

40 A porous polytetrafluoroethylene film identical to that of Example 1 was impregnated with zirconium 
tetraisopropoxide (manufactured by Matsumoto Chemical Industries). The zirconium tetraisopropoxide was 
not partially gelled before impregnation, but was otherwise prepared, measured, and tested as described in 
Example 1. The zirconium tetraisopropoxide was also, diluted with a solvent of ethanol or the like in an 
attempt to reduce the amount of adhering metal-oxide, but this produced irregularities in the hydrophilic 

45 properties. As indicated below, the resulting porous composite material showed a large decline in pore 
volume and the water and methanol flow rates were poor in comparison with Examples 1 and 2. 



Item 


Before treatment 


After treatment 


Pore Volume (%) 


80 


49.6 


Pore Volume retained (%) 




62.0 


Hydrophilic Properties 


None 


Yes 


Water Flow (sec) 


-1st 




34.2 




10th 




51.0 


Methanol Flow (sec) 


17 


35.0 
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Comparative Example 3 

A porous polytetrafluoroethylene film identical to that of Example 1 was impregnated with titanium 
tetraisopropoxide (manufactured by Matsumoto Chemical Industries). The titanium tetraisopropoxide was not 

5 partially gelled before impregnation, but was otherwise prepared, measured, and tested as described in 
Example 1, except that only one water flow test was made. The titanium tetraisopropoxide was also diluted 
with a solvent of ethanol or the like in an attempt to reduce the amount of adhering metal-oxide, but this 
produced irregularities In the hydrophilic properties. As indicated below, the resulting porous composite 
material showed a large decline in pore volume and the water and methanol flow rates were poor in 

70 comparison with Examples 1 and 2. 



Item 


Before treatment 


After treatment 


Pore Volume (%) 


80 


38.5 


Pore Volume retained (%) 




48.1 


Hydrophilic Properties 


None 


Yes 


Water Flow (sec) -1st 




195 


Methanol flow (sec) 


17 


191 



Claims 

A porous composite material comprising 

(i) a porous matrix material of synthetic polymer; and 

(ii) a coating material of a metal-oxide gel; 

whereby the internal surfaces of said porous matrix are coated with a coating of said metal-oxide 
gel such that the pore volume of the composite material is equal to 50 percent or more of the initial 
pore volume of said porous matrix material. 

2. A porous composite material as claimed in Claim 1 , wherein the coating material comprises a dried 
product of a hydrous metal-oxide gel formed by the gelling of a hydrolyzable, metal-containing organic 
compound. 

3. A porous composite material as claimed in Claim 1 or 2, wherein the metal-oxide gel is silica gel. 

4. A porous composite material as claimed in any of Claims 1 to 3, wherein the porous matrix material is a 
synthetic polymer selected from polyolefin, polystyrene, polyamide, polysulfone, polyimide, polycar- 
bonate, polyacrylonitrile, polyvinyl chloride, silicone rubber or fluoropolymer. 

5. A porous composite material as claimed in Claim 4 wherein the porous matrix material is poly- 
tetrafluoroethylene. 

6. A porous composite material as claimed in Claim 5, wherein the porous matrix material is expanded 
polytetrafluoroethylene. 

7. A process for making a porous composite material comprising the steps of; 

(a) reacting a metal-oxide precursor of a metal-containing organic compound with a water-containing 
liquid to obtain a solution containing a partially-gelled metal-oxide precursor; 

(b) impregnating a porous synthetic polymer matrix material with said solution containing said 
partially-gelled metal-oxide precursor; 

(c) further reacting said partially-gelled metal-oxide precursor to obtain a fully-gelled hydrous metal- 
oxide gel; 

(d) drying said porous matrix containing said hydrous metal-oxide gel at a temperature of 300 ■ C or 
lower; 

thus producing a porous composite material comprising a porous synthetic polymer matrix having 
internal surfaces coated with a metal-oxide. 
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